BApNA, N-a-benzoyl-arginine-p-nitroanilide; PMCA, plasma membrane Ca 2+ ATPase pump; 
Abstract

Ca
2+ signaling and exocytosis are highly polarized functions of pancreatic acinar cells.
The role of cellular architecture in these activities and the capacity of animals to tolerate aberrant acinar cell function are not known. A key regulator of acinar cell polarity is Mist1, a bHLH transcription factor. Ca 2+ signaling and amylase release were examined in pancreatic acini of WT 
Introduction
Ca 2+ signaling regulates virtually all cell functions, including long-term functions such as transcription and translation, and short term functions such as neurotransmission and exocytosis [1, 2] . In the pancreas, activation of Ca 2+ signaling by G protein coupled receptors (GPCRs) plays a central role in digestive enzyme secretion [3] . Abnormal enzyme secretion can lead to numerous diseases, including malnutrition in Cystic Fibrosis [4] and, more commonly, acute pancreatitis [5] . Several studies have shown a strong association between aberrant Ca 2+ signaling and pancreatitis [6] [7] [8] . The polarized function of exocrine secretory cells requires polarized Ca ] i oscillations in the form of Ca 2+ waves that initiate at the apical pole and propagate to the basal pole [9] [10] [11] [12] [13] .
The apical-to-basal Ca 2+ waves are achieved by clustering Ca 2+ signaling complexes at the apical pole [14] [15] [16] . This leads to an apical-to-basal gradient of responsiveness, with the most responsive GPCR Ca 2+ signaling complexes at the apical pole [16] . In fact, functional mapping of Ca 2+ signaling complexes has revealed that physiological Ca 2+ signals are mostly triggered by stimulation of Ca 2+ signaling complexes at the apical pole [16] . Once launched, the shape of the Ca 2+ signals are regulated by many processes that affect the biochemical component of the Ca
2+
signal that generates 1,4,5-trisinositolphosphate (IP 3 ) and the biophysical component that includes Ca 2+ release and influx channels and sarco/endoplasmic reticulum ATPase (SERCA) and plasma membrane Ca 2+ ATPase (PMCA) pumps [16] .
Another important regulator of Ca 2+ signaling in all cells [17] , including pancreatic acinar [18, 19] and other secretory cells [20] , are mitochondria. The seminal work of Rizzuto and Pozzan showed that the mitochondria are in close proximity to the ER [21] , thereby aligning the mitochondrial Ca 2+ uptake pathway with the IP 3 Rs to incorporate a large portion of the Ca 2+ released from the ER [22, 23] . Subsequently, mitochondria were shown to communicate with I crac channels to regulate Ca 2+ influx across the plasma membrane [24, 25] . Mitochondrial localization in pancreatic acini is even more intricate. In these cells three populations of energized mitochondria have been identified; a belt capping the secretory granules, a ring surrounding the nucleus and a string lining the plasma membrane [19] . tides [15, 19] .
The intricate localization of Ca 2+ signaling complexes and intracellular organelles is likely to be critical for the precise operation of the Ca 2+ signaling apparatus and for regulated exocytosis in acinar cells. These assumptions can be directly examined only by testing the effect of perturbation of the cellular architecture on pancreatic acinar cell function. This has been a difficult problem to address, but has now become possible with the availability of Mist1 null (Mist1 -/-) mice [26] . Mist1 is a basic helix-loop-helix transcription factor that is essential for the normal development of serous acinar cells in various secretory glands, including the pancreas and salivary glands [26] [27] [28] [29] [30] . Deletion of the Mist1 gene [26, 30] or inhibition of Mist1 function [28, 29] leads to severe distortion of acinar cellular architecture, including loss of gap junctions and intercellular communication [28, 30] , disorder of secretory granules [26] [27] [28] [29] [30] and acinar-toductal metaplasia [29] . ] i was imaged as described [32] . In brief, to measure the dose response for agonists, Fura2 fluorescence ratio was measured at excitation wavelengths of 350 and 380 nm and the ratio was calibrated to obtain Immunocytochemistry: Immunostaning was performed as detailed before [31, 32] . Frozen pancreatic sections were fixed and permeabilized with 0.5 ml of cold methanol for 10 min at -20
°C. The sections were washed with PBS alone, PBS containing 50 mM glycine and the nonspecific sites were blocked by 1 hr incubation with PBS containing 5% goat serum, 1% bovine serum albumin, and 0.1% gelatin. The medium was aspirated and replaced with 50 µl of blocking medium containing control serum or 1:100 dilution of antibodies against M3R, IP 3 R2
and IP 3 R3, and 1:1000 dilution of antibodies against Man II. After incubation with the primary antibodies overnight at 4°C and three washes with the incubation buffer, the antibodies were detected with goat anti-rabbit or anti-mouse IgG tagged with fluorescein or rhodamine. Images were collected with a Bio-Rad MRC 1024 confocal microscope.
Measurement of amylase, lipase and trypsin:
Freshly isolated acini from one mouse were suspended in 50 ml (for amylase) or 15 ml (for lipase and trypsin) of solution A. To measure total enzyme activity 1 ml of cell suspension was lysed by addition of 1% Triton X-100, centrifuged for 2 min at 2000g at 4°C and the supernatant collected. A second sample was used to measure protein content. Enzyme activity was measured in parallel from WT and Mist1 -/-mice.
To reduce variation due to feeding schedule the mice were fasted for 24 hr before preparation of acini and the results are expressed as the ratio between the activities in WT/Mist1 -/-cells. For measurement of exocytosis, portions of the 1.5 ml cell suspension were transferred to vials containing agonists to give the desired final concentrations. After 30 min incubation at 37°C, samples were transferred to Eppendorf tubes, the supernatants were separated from the acini by centrifugation and amylase released to the medium was measured. In each experiment, samples of cells were lysed to measure the total amylase content and exocytotic amylase release was calculated as a fraction of total amylase content.
Amylase activity was measured with a Phedabase kit (Pharmacia & Upjohn 10-5380-33) as described previously [34] . In brief, 10 µl samples were diluted into 200 µl buffer containing 20 mM NaH 2 PO 4, 20 mM Na 2 HPO 4 , 50 mM NaCl and 0.02% NaN 3, pH 7.0. 20 µl of the diluted samples were mixed with 1 ml blue starch (10 mg/ml) and incubated for 10 min at 37°C with gentle shaking. The reaction was stopped by addition of 250 µl of 2 M NaOH, the supernatant was cleared by 5 min centrifugation at 14,000 rpm and the absorbance measured at a wavelength of 595 nm.
Lipase activity was measured using para-pitrophenyl palmitate (pNPP) as a substrate [35] .
Samples of 0.1 ml were added to 2.4 ml of a freshly prepared pNPP solution (30 mg pNPP in 100 ml 100 mM Tris buffer, pH 8.5, 207 mg Na + -Deoxycholate and 100 mg Gum Arabic) and incubated for 1 hr at 37°C with gentle shaking. The reactions were terminated by addition of 0.2 9 ml 100 mM CaCl 2 , the samples centrifuged at 14,000 rpm for 2 min and the absorbance was measured at a wavelength of 410 nm.
Trypsin activity was determined with the substrate N-a-benzoyl-arginine-p-nitroanilide (BApNA) as described before [36] with a slight modification. Samples of 100 µl were added into 2.4 ml of 1mM BApNA dissolved in a solution containing 100 mM Tris, pH 9.0 and 10 mM CaCl 2 and incubated for 1 h at 37°C. The reactions were stopped by addition of 5 µl of 0.5 mg/ml soybean trypsin inhibitor and the change in absorbance at 410 nm was monitored.
Statistics: Statistics: When appropriate, results are presented as the mean ± S.E.M. of the indicated number of experiments. Statistical significance was evaluated by a two way ANOVA.
All immunostaining experiments were repeated at least five times with similar results.
Results and Discussion
Impaired stimulation of Ca 2+ signaling in Mist1 -/-cells: The up-regulation of the CCK receptors (CCKRs) mRNA in Mist1 -/-mouse pancreatic acinar cells [26] was confirmed by RT-PCR in pancreatic acinar cells ( Figure 1A ). However, this increase was not observed for all
GPCRs. Initial analysis by RT-PCR showed that expression of the M3 receptors (M3Rs) mRNA in the pancreas of Mist1 -/-mice was unchanged or slightly up-regulated ( Figure 1A ). An attempt to quantitate the extent of protein expression of M3Rs by Western blot in pancreatic extracts failed due to poor signal/noise. However, the antibodies gave a reasonable signal in immunostaining. Figures 1B and 1C show enrichment of M3Rs expression at the apical pool of cells from WT and Mist1 -/-mice and comparable staining intensity. To further analyzed receptors expression we examined expression of mRNA and protein in the brain of the mice. Figure 1D shows that, similar to findings in the pancreas, brain mRNA for CCKRs was up-regulated and (Figure 2A ). Mist1 -/-acinar cells showed an increased EC50 for carbachol from about 3.7 to 46 µM and a reduced maximal production of IP 3 of about 30% ( Figure 2B ). The increased apparent affinity to CCK may relate to the increased mRNA levels of the CCKRs [26, Figure 1A ]. The modest change in M3R mRNA and protein is consistent with this interpretation.
However, the reduction in maximal IP 3 production indicates a general impaired activation of G proteins by the M3R and an impaired activation of phospholipase Cβ by GPCRs.
The consequence of impaired IP 3 production on the pattern of Ca 2+ signaling is shown in Figure 6A shows that deletion of Mist1 reduced expression of IP 3 R3 in the brain by about 65±11% (n=5).
On the other hand, expression of IP 3 R1, IP 3 R2, SERCA2b and PMCA was not affected. This
indicates that down-regulation of IP 3 R3 expression in Mist1 -/-mice is not specific to acinar cells, raising the possibility that loss of Mist1 may effect IP 3 R3 expression in other cell types. The immunolocalization in Figure 6B revealed lack of IP 3 R3 and completely normal localization of
The results in Figure 6 Rhod-2 and Fluo 3, respectively. As expected, the energized mitochondria in WT cells were clustered around the secretory granules, the nucleus and next to the plasma membrane, but were completely excluded from the secretory granule area in pancreatic acini ( Figures 7A, 7B, 7E ) [19] . By contrast, mitochondria in Mist1 -/-acinar cells were highly disorganized ( Figures 7C, 7D,   7F ). Energized mitochondria were found at all regions of the basal pole. In addition, although mostly excluded from the apical pole in Mist1 -/-cells, some mitochondria could also be found at the periphery of the apical pole or sometimes within the apical pole itself. Mitochondrial localization has a critical role in Ca 2+ signaling. Previous work has emphasized the importance of the close apposition of the mitochondria to the ER for Ca 2+ uptake into the mitochondria [22, 23] , regulation of the I crac Ca 2+ influx channel [24, 25] and regulation of the Ca 2+ wave in secretory cells [18] [19] [20] . Furthermore, Ca 2+ uptake into the mitochondria is essential for mitochondrial and cellular energy metabolism [39, 40] . The disorganization of the mitochondria in Mist1 -/-cells can explain the lack of Ca 2+ uptake by the mitochondria when the cells are stimulated at low agonist concentration. Such an uptake requires close communication between the mitochondria and the ER [21, 23] . Since Ca 2+ uptake by the mitochondria plays an important role in controlling the Ca 2+ wave [18] [19] [20] , the disorganization of mitochondria is likely responsible for the rapid spreading of Ca 2+ from the apical to the basal pole and the concentric Ca 2+ signal observed in Mist1 -/-cells ( Figure 5 ).
Digestive enzyme content in Mist1 -/-cells: To determine the effect of deleting the Mist1
gene on pancreatic exocrine function it was necessary to first measure how the absence of Mist1 protein affects digestive enzyme content. Examination of the ER and Golgi apparatus, which govern protein synthesis, revealed that the overall ER structure remained normal in Mist1 -/-cells [29] . On the other hand, deletion of Mist1 modified the structure of the Golgi apparatus. Staining the Golgi with Man II revealed a diffused Golgi organization in Mist1 -/-cells ( Figure 8A ). As expected, the diffused Golgi resulted in reduced digestive enzyme content in pancreatic acini.
Mist1
-/-cells contained 2.5-3 folds less amylase, trypsin and lipase than WT cells ( Figure 8B ).
Amylase content measured in mice as young as 1 month and as old as 15 months were found to be similarly reduced, suggesting that reduction in digestive enzyme content does not develop with time, but is a relatively early defect in Mist1 -/-acinar cells. This observation is consistent with Mist1 controlling the transcriptional regulation of genes involved in localization of several organelles, including the secretory granules, the mitochondria and the Golgi apparatus in pancreatic acini, possibly functioning as a master regulator of intracellular organelle localization.
Further studies will be needed to establish this intriguing possibility.
Exocytosis and growth in Mist1
-/-mice: Changes in [Ca 2+ ] i are the primary stimulator of exocytosis in pancreatic acini [3] and aberrant Ca 2+ signaling is intimately associated with pancreatitis [6] [7] [8] . In addition, digestive enzymes content is low in Mist1 -/-cells. Therefore, we expected that digestive enzyme secretion would be modified in Mist1 -/-cells and that the Mist1 -/-mice would show retarded growth or higher food consumption. Gross inspection of the pancreases of Mist1 -/-mice did not reveal any major differences in the size or shape of the organ.
However, the pancreas of Mist1 -/-mice tended to be more fibrotic than that of WT mice, as suggested by the need for longer digestion by collagenase to liberate Mist1 -/-acini (not shown).
Large acinar clusters comprise of 8-30 cells prepared from WT and Mist1 -/-mice were used to measure stimulated amylase secretion as a measure of exocytosis. In the large clusters the structure of the acini and stimulated enzyme secretion is preserved and faithfully reflects enzyme secretion in vivo (41) . As shown in Figure 9 , exocytosis in response to both carbachol and CCK was markedly impaired in Mist1 -/-acini. In fact, no exocytosis could be measured in Mist1
-/-acini stimulated with physiological agonist concentrations. Low exocytosis in Mist1 -/-acini was observed only at very high agonist concentrations that are pathological in WT animals.
Furthermore, after correction for total amylase content, the peak amylase release by Mist1 -/-acini detected at the higher agonist concentrations was only 50% of that measured in WT acini. Since ] i with inomycin and stimulating protein kinase C with PMA. Figure 9C shows that deletion of Mist1 impaired exocytosis in response to both inomycin and PMA stimulation by about 40-50%. However, it is important to note that exocytosis stimulated by physiological agonist concentrations was impaired by 80-95%, indicating that impaired Ca 2+ signaling was the major cause for the poor exocytosis in Mist1 -/-cells. Figure 9 is that the precise pattern of Ca 2+ oscillations and waves are critical for exocytosis. Thus, CCK between 1-100 pM and carbachol at 0. The impaired stimulated exocytosis was expected to lead to malnutrition, retarded growth and/or increased food consumption in the Mist1 -/-mice. Remarkably, this was not the case for male or female Mist1 -/-mice ( Figure 10A, 10B) . Food consumption and growth were similar in WT and Mist1 -/-mice for the 32 weeks that the data were recorded. This was the case during both the rapid (first 10 weeks) and slow growth (weeks 11-32) phases of the animals development. These results suggest that either secretion in vivo was affected less than observed with isolated acinar clusters or that the residual pancreatic function in Mist1 -/-mice is sufficient to support the food digestion and nutritional requirement of these animals.
An important implication of the findings in
In conclusion, the findings of the present work reveal several new roles for Mist1. We 
